Eosinophils are multifunctional leukocytes that reside in several tissues, most abundantly in the small intestinal lamina propria under the steady state. To date, the phenotypic and functional characteristics of small intestinal eosinophils have remained poorly understood. In this study, we found that proliferation of ovalbumin (OVA)-specific CD4 + T cells isolated from the mesenteric lymph nodes of eosinophil-deficient ΔdblGATA mice were decreased relative to wild-type mice after oral immunization with OVA and cholera toxin (CT), the typical mucosal adjuvant that induces CD4 + T cell-dependent responses. ΔdblGATA mice showed reduced mucosal secretion of OVA-specific IgA and IgG1 while maintaining a systemic level of anti-OVA IgG1 upon oral immunization with OVA and CT. These findings suggest that eosinophils might have a role in the modulation of T cell-mediated immune responses including mucosal antibody responses in the gastrointestinal tract following oral immunization.
INTRODUCTION
Eosinophils are multifunctional proinflammatory leukocytes that play an important role in parasitic infections and allergic inflammations (1, 2) . The cytoplasm of mature eosinophils contains secondary granules such as eosinophil peroxidase, eosinophil cationic protein, eosinophil-derived neurotoxin, and major basic protein the exocytotic release of which contributes to host protection (1, 3) . However, accumulating evidence indicates that eosinophils are involved in biologic processes such as modulation of T cellmediated immune responses (2, 4) .
Eosinophils develop in the bone marrow under regulation of the transcription factors GATA-1, GATA-2, and c/EBP (5); accordingly, deletion of a high-affinity GATA-binding site in the GATA-1 promoter (ΔdblGATA) generates eosinophildeficient mice (6) . Most eosinophils, developed in the bone marrow, migrate to the lamina propria (LP) of the gastrointestinal (GI) tract, but not to the esophagus, under homeostatic conditions (7) . Although eosinophils in the steady state are present in the thymus, mammary glands, and uterus (1), they are most abundant in the LP of the GI tract. Intestinal eosinophils have characteristics associated with prolonged 354 survival due to common γ-chain-dependent signaling (8) that contributes to their accumulation in the GI tract. Additionally, intestinal eosinophils constitutively express signal-regulatory protein α/CD172a, the interaction of which with CD47 also leads, through inhibition of eosinophil degranulation, to prolonged eosinophil survival (9) . Although eosinophils are much more abundant in the GI tract than in other tissues, their functional characteristics in the intestinal immune system have yet to be elucidated.
The intestinal immune system is a unique environment that invokes strong protective immunity against pathogens while maintaining tolerance to dietary proteins or commensal bacteria (10) . A prominent feature of the intestinal immune system's blocking of harmful pathogens is the production of immunoglobulin (Ig) A, the most abundant antibody isotype in the human body (11) . It is well established that oral administration of cholera toxin (CT) induces mucosal IgA, IgG1, and IgE responses to co-administered protein (12, 13 
MATERIALS AND METHODS

Mice
Female BALB/c WT mice (Orientbio, Gapyeong, Korea)
and ΔdblGATA mice (Jackson Laboratory, Bar Harbor, ME, USA), aged 6 to 8 weeks were housed under standard laboratory conditions of temperature and humidity at Gachon
University. All experiments complied with the institutional guidelines for animal welfare.
Preparation of cells
Segments of the small intestine were incubated with FACS buffer (phosphate-buffered saline (PBS) containing 10% FCS, 20 mM HEPES, 100 U/ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate, 10 mM EDTA, and 
Flow cytometric analysis
To characterize the surface phenotype, cells were isolated 
Oral immunization
Mice were deprived of food for two hours and then given 0.5 ml of sodium bicarbonate to neutralize stomach acidity For intestinal lavage, the small intestine was removed and 2 ml of PBS containing 0.1% bovine serum albumin (BSA), 50 mM EDTA, and 0.1 mg of soybean trypsin inhibitor (Sigma-Aldrich) per ml was passed through and collected (18) . Subsequently, phenylmethylsulfonyl fluoride (1 mM, Sigma-Aldrich) was added to the intestinal wash. All of the intestinal washes were vigorously vortexed and centrifuged at 1,000 × g for 20 min to remove debris, after which the supernatants were collected and 0.1% NaN 3 was added. 
T cell proliferation assay
Detection of antibodies by ELISA
To measure the OVA-specific antibody level, 96-well plates were coated with OVA (50 μg/ml) and blocked with PBS/BSA. Diluted serum and intestinal washes were incubated, and biotinylated anti-mouse IgA (RMA-1, BioLegend) or IgG1 (A85-1, BD Biosciences) was added. After reacting with streptavidin-HRP, the plates were developed with TMB substrate and the absorbance was read at 450 nm.
Statistical analysis
The data are presented as mean ± s.e.m. All experiments were performed in triplicate. When necessary, a two-group comparison was performed using the Student's t-test. A p value < 0.05 was considered statistically significant. the T or B cell markers (i.e. CD4, CD8a, and B220) were detected (Fig. 1B) . Additionally, small intestinal eosinophils expressed CD172a at a high level (Fig. 1A) , as previously described (9) . Compared with the R1 subset, cells in the mononuclear R2 fraction showed only minor expression of CD172a, CD11b, SiglecF, CCR3, and IL-5Rα (Fig. 1A) . In the small intestinal LP of ΔdblGATA mice, the medium to high SSC subset representing intestinal eosinophils was completely depleted (Fig. 1A) , and the mononuclear cells (R3) of those mice shared characteristics with R2 of WT mice (Fig. 1) . In summary, this study shows that eosinophils are required 
RESULTS
Reduced proliferation of CD4
